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Abstract
When the inversion symmetry is broken, the spin-orbit coupling reduces the transition temperature of some types of
spin triplet superconductivity, which is similar to the case that magnetic field reduces the spin singlet superconduc-
tivity due to Zeeman splitting. It is well known that Fulde-Ferrel-Larkin-Ovchinnikov (FFLO) state of spin singlet
superconductivity is realized near the Pauli limit (or Chandrasekhar-Clogston limit) of external magnetic field. In
FFLO state the amplitude of the order parameter is not uniform in space. In this paper we study the FFLO state
in the spin triplet superconductivity in the absence of magnetic field due to the spin-orbit coupling. Although the
FFLO state is not realized in the simple model with spherical Fermi surface, it will be stabilized if some condition
is favorable for it. We discuss the possibility of FFLO state in CePt3Si in the absence of external magnetic field.
Key words: CePt3Si, heavy fermion superconductivity, spin-orbit coupling, FFLO, spin triplet superconductivity
PACS: 74.20.-z, 74.70.Tx, 74.20.Rp, 74.25.Dw
In CePt3Si the upper critical field Hc2 exceeds the
paramagnetic limiting field[1], which is thought to be
an evidence of the spin triplet pairing. Recent experi-
ments on Knight shift[2,3] also indicate the spin triplet
superconductivity. This seems to conflict with a gen-
eral statement that spin triplet pairing is forbidden in
the system with broken inversion symmetry[4]. Frigeri
et al.[5] studied the effect of the Rashba type spin-orbit
coupling,
Hp = α
∑
k,s,s′
gk · σs,s′c
†
k,scks′ , (1)
with gk = (−ky, kx, 0) as a model for CePt3Si and ob-
tained that the spin triplet pairing is not destroyed by
the spin-orbit coupling, if the d-vector satisfies d(k) ‖
gk. This state is not consistent with the line nodes of
the energy gap observed by the experiments of pene-
tration depth[6] and thermal conductivity[7]. In order
to explain the existence of the line nodes, the mixing
state of triplet and singlet pairings has been studied[8].
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In this paper we study the FFLO state caused the
pair breaking due to the spin-orbit coupling in the sys-
tem without inversion symmetry. We calculate Tc as a
function of α for the Cooper pairs of (k + q
2
, s1) and
(−k+ q
2
, s2).
The linearized gap equation for FFLO state is writ-
ten in a 2× 2 matrix form[5] as
∆ss′ ( k+
q
2
) = −kBTc
∑
k′,n
∑
s1,s2
Vkk′G
0
ss1(k
′ +
q
2
, iωn)
×∆s1s2(k
′ +
q
2
)G0s′s2(−k
′ +
q
2
′
,−iωn), (2)
where
G0(k, iωn) = G+(k, iωn)σ0 + (gˆk · σ)G−(k, iωn), (3)
G±(k, iωn) =
1
2
[(iωn − ǫk,+)
−1 ± (iωn − ǫk,−)
−1], (4)
ǫk+ q
2
,± = ξk+ q
2
±α | gk+ q
2
|, and σ0 is the unit matrix.
The gap function is decomposed into a spin singlet
part and a spin triplet part, ∆(k+ q
2
) = [ψ(k+ q
2
)σ0+
d(k+ q
2
) ·σ]iσy . Spin triplet part and spin singlet part
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are mixed in general. When the particle-hole symmetry
is satisfied, however, the the singlet and triplet order
parameters do not mix. We set q = (0, 0, kFq) and
ξ±k+ q
2
= ξk ±
~
2k2
F
qcosθ
2m
. Then we find the transition
temperature for spin triplet pairing is given by
ln (
Tc
Tc0
) = πkBTc〈Im
nc−1∑
n=0
(
( f1− + f2− + f2+ + f1+ −
4
2i |ωn|
)
∣∣∣d(k+ q
2
)
∣∣∣
2
− (f1− − f2− − f2+ + f1+)
× [2(gˆ−k+ q
2
· d(k+
q
2
))(gˆk+ q
2
· d(k+
q
2
))
−gˆ−k+ q
2
· gˆk+ q
2
∣∣∣d(k+ q
2
)
∣∣∣
2
]
)
〉k. (5)
where
f1± =
(
~
2k2F qcosθ
m
+ 2i | ωn |
± α(| gk+ q
2
| − | g−k+ q
2
|)
)−1
, (6)
f2± =
(
~
2k2F qcosθ
m
+ 2i | ωn |
± α(| gk+ q
2
| + | g−k+ q
2
|)
)−1
, (7)
and Tc0 is the transition temperature for α = 0.
We calculate Tc/Tc0 as a function of α for several
choice of order parameters; d(k) = xˆkx + yˆky + zˆkz,
d(k) = xˆkx+yˆky and d(k) = xˆk
3
x+yˆk
3
y The transition
temperature is suppressed by α in these states.
In the Fig. 1, we plot transition temperature of the
state d(k) = (kx, ky, 0) as a function of α for some fixed
values of q¯, where we use gk+ q
2
= (−ky, kx, 0), d(k) =
xˆkx+ yˆky, and define q¯ by q¯ =
(~2k2
F
/mpikBTc0)
α/pikBTc0
q. Since
we set q ‖ zˆ, gk+ q
2
is independent of q. For q¯ = 0,
the transition temperature shows a reentrance near
α/(πkBTc0) ≈ 0.3 (Fig. 1). This curve is similar to the
transition temperature of the singlet superconductivity
as a function of the magnetic field, where the only the
Pauli pair breaking effect of the magnetic field is con-
sidered. The reentrance never occurs, since the transi-
tion curve is calculated by assuming the second order
transition. When the temperature is lowered at fixed
α/πkBTc0 ≈ 0.3, the order parameter is finite below
the higher transition temperature and the lower tran-
sition temperature is spurious. In the case of Pauli pair
breaking, the FFLO state becomes stable for the mag-
netic field higher than the critical value. We had ex-
pected the similar situation for the case of pair break-
ing due to the spin-orbit coupling. As seen in Fig. 1,
however, we could not find the region where FFLO
state becomes a ground state through a second order
transition. In this study we assume the spherical Fermi
surface for simplicity. If we consider the Fermi surface
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Fig. 1. Transition temperature as a function of α for triplet su-
perconductivity with d(k) = xˆkx+ yˆky and gk = (−ky , kx, 0).
with different shape with lower dimensionality or bet-
ter nesting condition, FFLO state is expected to appear
in some parameter region, as is the case in the ordinary
FFLO state caused by the Pauli pair breaking[9].
In conclusion, we study the FFLO state of the triplet
superconductivity due to the spin-orbit coupling. Al-
though we did not find the FFLO phase similar to an
conventional FFLO one, we expect that FFLO state
will be stabilized for the system with suitable Fermi
surface. If the FFLO state is realized without magnetic
field, the amplitude of the energy gap varies in space
and the specific heat and penetration depth will de-
pend on temperature as the power low.
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